Some hydrogen storage materials with the hexagonal CaCu 5 -type crystal structure have two pressure plateaux during hydrogen absorption and desorption processes. To clarify the correlation of hydrogenation properties between two plateaux, we investigated the pressure-composition isotherms of several binary RNi 5 (R = La, Ce, Pr, Nd and Sm) intermetallic compounds at pressures up to 35 MPa and at temperatures ranging from 196 to 423 K by use of a modified Sieverts' method. We also determined the unit cell volume of the compounds to correlate the hydrogenation properties with the crystal structure. It was found that RNi 5 compounds had qualitatively similar hydrogenation properties in that two well-separated plateaux indicated the existence of two hydrides with the compositions of RNi 5 H 3{4 ( phase) and RNi 5 H 6{7 ( phase) except CeNi 5 . Similar to the lower plateau pressure, the higher plateau pressure increases with increasing the atomic number of R element or with decreasing the unit cell volume of these compounds. For LaNi 5 -H 2 system, the pressure gap between two plateaux expands with increasing temperature, indicating that the absolute value of enthalpy of dehydrogenation (jÁHj) of hydride is smaller than that of hydride or jÁHðÞj < jÁHðÞj. On the other hand, for other RNi 5 -H 2 systems the pressure gap expands with decreasing temperature; that is, the jÁHj values of both hydrides show the opposite tendency or jÁHðÞj > jÁHðÞj. The maximum hydrogen content of each RNi 5 compound exceeds six hydrogen atoms per formula unit and some compounds absorb the hydrogen to reach the hydride composition of RNi 5 H 7 without new plateau.
Introduction
It is well known that LaNi 5 with the hexagonal CaCu 5 -type crystal structure can absorb hydrogen to form hydride LaNi 5 H 6:7 under a hydrogen atmosphere of 5 MPa at room temperature.
1) The pressure-composition (P-C) isotherm for the LaNi 5 -H 2 system at room temperature shows a single pressure plateau corresponding to the phase transition between hydrogen solid solution and hydride. Uchida et al.
2) measured the P-C isotherms for La 1Àx R x Ni 5 -H 2 systems (R: rare earth, 0 x 1) up to 4 MPa and observed two pressure plateaux on the P-C isotherm for PrNi 5 -H 2 system. These lower and higher pressure plateaux suggest the formation of two hydrides. 3) With respect to the lower plateau, it is generally known for RNi 5 -H 2 systems that the plateau pressure (P p ) corresponding to the enthalpy of dehydrogenation (ÁH) is logarithmically related to the unit cell volume (V) of RNi 5 compounds 4) (ln P p / ÁH / V). For example, an RNi 5 compound with small unit cell volume shows a small jÁHj value with the high plateau pressure. On the other hand, the hydrogenation properties of the higher plateau are reported only for LaNi 5 -H 2 5) (high temperature) and PrNi 5 -H 2 3) systems because of the upper equipment limit of the hydrogen pressure. Apart from LaNi 5 6) and CeNi 5 7) up to 200 MPa, the hydrogenation properties of other binary RNi 5 compounds have been practically investigated in details only at hydrogen pressures lower than multi-MPa. With increasing hydrogen pressure, we can expect to form new hydrides which are unobtainable at lower pressures.
In this work, we investigated P-C isotherms of several binary RNi 5 intermetallic compounds (R = La, Ce, Pr, Nd and Sm) at high pressures up to 35 MPa in the temperature range of 196 K and 423 K by use of a modified Sieverts' method. In order to clarify the correlation between the unit cell volume and the plateau pressure, we also determined the lattice constants of these compounds. The present work aims to discuss the correlation of hydrogenation properties of lower and higher plateaux for the RNi 5 -H 2 systems.
Experimental Details
Samples were prepared from elemental metals of La, Ce, Pr, Nd, Sm and Ni (purity: 99.9% up, High Purity Chemicals Co., Ltd.) by the arc-melting method under an Ar atmosphere. The ingots were turned over and re-melted several times to ensure homogeneity. The weight loss of each ingot after melting was less than 0.5 mass%. We confirmed the homogeneity in the samples by the scanning electron microscope (SEM) equipped with wavelength dispersion Xray spectrometer (WDX). The identification of the crystal structure of each sample was carried out using powder X-ray diffractometer (RINT2000, Rigaku Co., Ltd.) with Cu K radiation in the range of 15
90
with a continuous scanning mode at room temperature. The ingots were mechanically pulverized and sieved down to 75 mm. A small amount of Si fine powder (purity: 99.9995% up, Aldrich Co., Ltd.) was mixed with the sample powders to calibrate the diffraction angle.
A high-pressure Sieverts' apparatus used in this study has a working pressure range from 0.1 to 35 MPa with the precision of AE20 kPa and AE0:05H/RNi 5 . Before the measurement by the Sieverts' method, the samples were degassed down to 0.2 Pa by use of a rotary pump connected in series with a liquid nitrogen trap. The hydrogen gas with the purity of 99.99999% was purified with a liquid nitrogen trap to remove trace amounts of water and other impurity gases, and was introduced into the system. The initial activation of these samples was achieved by exposing them to hydrogen gas of 10 MPa at 298 K for several hours except that CeNi 5 was activated at 35 MPa and 196 K. The compressibility factor of hydrogen gas (z ¼ PV/RT) is calculated according to the Modified Bennedict-Webb-Rubin equation with the coefficients provided by the National Institute of Standards and Technology (NIST). 8) Because the accuracy of the calculated hydrogen content depends considerably on the volume of hydrogen gas in the autoclave, we used the assumption of a linear dependence of the sample volume expansion on its hydrogen content.
7)

Results and Discussion
The powder X-ray diffraction profiles for the RNi 5 compounds revealed their single phase nature with the hexagonal CaCu 5 -type structure (space group: P6=mmm) in any case and other phases were scarcely observed, indicating homogeneous compositions of the compounds. We also confirmed that each compound has desired composition by means of SEM with WDX. The lattice constants (a and c) and the unit cell volume (V) calculated from these XRD peaks by the least-squares method are summarized in Table 1 . The lattice constants of the prepared compounds are consistent with previous literature data. 9) Except CeNi 5 , both a and c values of the hexagonal structure varied negatively with increasing the atomic number of R element due to the decrease of atomic radius, 10) leading to the decrease of the V value, whereas c=a ratio has an opposite trend. Figure 1 shows the P-C isotherms for RNi 5 -H 2 systems under various conditions. For LaNi 5 -H 2 system up to 35 MPa as well as PrNi 5 -H 2 and NdNi 5 -H 2 systems up to 4 MPa, the hydrogenation properties such as hydrogen content, plateau pressure and hysteresis are in fair agreement with those reported previously, 3, 6, 11) indicating the validity of our Sieverts' method in this pressure range.
The Judging from the P-C isotherms shown in Fig. 1 , these RNi 5 compounds have qualitatively similar hydrogenation properties or two pressure plateaux due to the hydride formation with the composition of RNi 5 H 3{4 and RNi 5 H 6{7 . Hereafter we designate three metallographic phases as solid solution phase below 0.5H/RNi 5 , hydride phase around 3-4H/RNi 5 and hydride phase above 6H/RNi 5 . The lower plateau corresponds to the coexistence of and phases and the higher plateau to that of and phases. However, the P-C isotherms for CeNi 5 -H 2 system differ from other systems in the viewpoint of single plateau, plateau pressure as well as the c=a ratio of crystal structure. So we discuss the hydrogenation properties except CeNi 5 in this study. Detailed information concerning the CeNi 5 -H 2 system such as single plateau, significant hysteresis is reported in Ref. 7) .
Two plateau pressures determined from each P-C isotherm in desorption at 298 K are plotted against unit cell volume in Fig. 2 . For LaNi 5 -H 2 system, the higher plateau pressure coincides with the lower plateau pressure as single plateau between LaNi 5 hydrogen solid solution and LaNi 5 H 6 hydride shown in Fig. 1(a) . Similar to the lower plateau pressure, 4) the higher plateau pressure increases with decrease in the unit cell volume or with increase in the atomic number of R element. The higher plateau is more influenced by the unit cell volume than the lower plateau pressure; that is, the pressure gap between two plateaux expands with decreasing unit cell volume. Figure 3 shows the van't Hoff plots of both plateau pressures for RNi 5 -H 2 systems. The enthalpies of dehydrogenation (ÁH) of both and hydrides were calculated from both plots, respectively, and summarized in Fig. 4 . The ÁH values of hydride agree well with those in the HydrideMetal Related Database. 14) On the other hand, the values of hydride for LaNi 5 -H 2 and PrNi 5 -H 2 systems slightly differ from the data reported previously 3, 5) because the plots of latter were estimated against fixed hydrogen content. We consider that it is reliable to determine the accurate plateau pressure from the center of the plateau region.
The absolute jÁHj values of hydride becomes small with increasing the atomic number similar to hydride. Compared with the hydride, the jÁHj values of hydride approaches zero or the critical point between and phases. This indicates that the width of higher plateau tends to disappear with an increase in temperature, especially for SmNi 5 -H 2 system, although that of lower plateau is almost constant irrespective of temperature.
On the P-C isotherms as shown in Fig. 1 , the dependence of temperature on these two plateaux for LaNi 5 -H 2 system differ from those for other RNi 5 -H 2 systems. As can be seen in Fig. 1(a) , the higher plateau pressure increases with increasing temperature than the lower plateau pressure; that is, the pressure gap between two plateaux expands with increasing temperature, whereas the gap expands with decreasing temperature for other RNi 5 -H 2 systems. This corresponds to the difference of the jÁHj values between both and hydrides. The jÁHj value of hydride for LaNi 5 -H 2 system is smaller than that of hydride (jÁHðÞj < jÁHðÞj), whereas the former is larger than the latter for other RNi 5 -H 2 systems (jÁHðÞj > jÁHðÞj) as shown in Fig. 4 .
In other words, although the isotherm for LaNi 5 -H 2 system has single plateau between and phases inadvertently at room temperature, the P-C isotherms for RNi 5 -H 2 systems have phase essentially. 15) This is consistent with the data reported by Akiba et al., 5, 16) who confirmed the appearance of another hydride ( hydride; LaNi 5 H 3 ) in the center of single plateau by in-situ X-ray diffractometry.
Brodowsky et al. 17) explained the difference of two plateaux for LaNi 5 -H 2 system based on the statistical thermodynamics. They calculated the chemical potential of dissolved hydrogen considering the partition function of each hydrogen sites (3f , 6m and 4h) in the P6=mmm space group and reported that the separation into two plateaux is mainly due to the configurational effect and the elastic effect (lattice expansion) as well as the electronic effect (band structure). The possibility on the extension of these effects to other RNi 5 -H 2 systems is investigated now.
